Introduction {#S0001}
============

Maladaptive cardiac remodeling referring to molecular, cellular and interstitial alterations in the myocardium, is characterized by histopathological changes in the structure, shape, and function of the heart, and often leads to the development of heart failure.[@CIT0001]--[@CIT0003] Animal studies and clinical observations have shown that cardiac remodeling exhibits progressive worsening of cardiac dysfunction with a higher risk of cardiovascular morbidity and mortality.[@CIT0004]--[@CIT0006] Tissue fibrosis as a key component of cardiac remodeling occurs inevitably in the chronic phases of the different pathological conditions, including hypertension, myocardial infarction, inflammation, and hypertrophic cardiomyopathy.[@CIT0006],[@CIT0007]

Angiotensin II (Ang II), the major bioactive peptide product of the renin-angiotensin-aldosterone system, plays an important pathophysiological role in the cardiovascular system, including blood pressure regulation, systemic inflammatory response, interstitial collagen deposition, and tissue fibrotic formation through its interaction with the type 1 receptor (AT1R).[@CIT0008],[@CIT0009] The inhibition of Ang II formation or the blockade of the AT1R activation with Ang II-converting enzyme inhibitors (ACEi) or AT1 receptor blocker (ARBs) has emerged as an appealing therapeutic approach to prevent cardiac dysfunction and heart failure by attenuating progression of cardiac remodeling.[@CIT0010],[@CIT0011] Our laboratory has had a longstanding interest in the areas of Ang II-induced cardiomyocyte hypertrophy, tissue fibrosis, and cardiac dysfunction. We have previously reported that pharmacological inhibition of the AT1R significantly reduces cardiac fibrosis and improves cardiac function.[@CIT0012],[@CIT0013] Although ACEi or ARBs have achieved good clinical results, according to the reports of recent years, there might be substantial side effects such as cough, angioedema, and hypotension.[@CIT0014],[@CIT0015] Therefore, adjunctive therapies to reduce cardiac remodeling and promote cardiac recovery through modulating the Ang II system still merits further investigation.

Glucagon-like peptide-1 (GLP-1) is an incretin peptide hormone produced in the intestinal endocrine L-cells, and plays an important role in glucose homeostasis to control food intake. Plasma half-life of endogenous GLP-1 is short, and can be rapidly degraded by the enzyme dipeptidyl peptidase-4.[@CIT0016] Liraglutide is a long-acting GLP-1 receptor agonist, and has been widely used in the treatment of type 2 diabetes mellitus.[@CIT0017] Recently, extensive research studies have shown that liraglutide not only possesses the glucose-dependent hypoglycemic effects, but also exerts the protection in variety of cardiovascular diseases independent of the mechanism of blood sugar regulation, such as preservation in vascular endothelial cell function, regulation in blood pressure, attenuation in cardiomyocyte injury, and improvement in heart function.[@CIT0018]--[@CIT0020] Our laboratory has previously reported that liraglutide protects the heart against Ang II infusion-induced cardiac fibrosis via inhibiting the AT1R-activated signaling.[@CIT0012],[@CIT0013],[@CIT0021] However, it is unknown whether liraglutide attenuates the pressure overload-induced heart failure. In the present study, we selected a rat model of transverse abdominal aortic constriction (AAC) to demonstrate the potential beneficial effects of liraglutide on cardiac fibrosis and heart function underlying mechanisms through modulating adverse actions of Ang II, including expression of the AT1R, activation of oxidative stress, migration of macrophages, proliferation of myofibroblasts, and deposition of collagens. To further support whether liraglutide exerted effects are mediated by blocking activation of the AT1R signaling, telmisartan, the AT1R antagonist, was selected for comparison. Cardiomyocyte hypertrophy and myocardial interstitial fibrosis were defined by morphological staining, and heart contractile function was assessed using two-dimensional echocardiography.

Materials and methods {#S0002}
=====================

Animals and AAC model {#S0002-S2001}
---------------------

Male Sprague-Dawley rats weighting 200--250 g from 6 to 8 weeks were obtained from the Animal Laboratory Center of Shanxi Medical University, Taiyuan, People\'s Republic of China. The procedures were in compliance with "The Guide for the Care of Use of Laboratory Animals" published by the US National Institute of Health (8th edition, revised, 2011)". The experimental protocol was approved by the Experimental Animal Management Committee of Shanxi Medical University. Rats were housed under normal conditions (a 12 hrs light/dark cycle, temperature at 20--25°C, and relative humidity at 50--60%).

The rats were placed in a supine position on a surgery platform and an incision was made along the manubrium and midline of the abdomen. After the abdominal cavity was opened, the abdominal aorta was ligated using a 4--0 silk suture with a 7-gauge needle that is placed parallel to the aortic arch at a point of 1 cm above the left renal artery. The degree of AAC was controlled by withdrawing the needle under the suture. After the operation was completed, the penicillin was injected and animals were allowed to recover for 1 week before signing the experimental groups.

Experimental group and study protocol {#S0002-S2002}
-------------------------------------

The rats were randomly divided into four groups (n=6 in each group) after surgery: 1) Sham control: rats underwent the same surgical procedure without banding the aorta; 2) AAC: rats were subjected to AAC for 16 weeks; 3) liraglutide treatment: rats were received a subcutaneous injection of liraglutide (Novo Nordisk Pharma Ltd., Gladsaxe, Denmark) at a dose of 0.3 mg/kg twice daily after AAC; 4) telmisartan treatment: rats were administered telmisartan (Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, CT, USA) via gastric gavage at a dose of 10 mg/kg/day after AAC. The doses selected for liraglutide and telmisartan were based on previous experiments.[@CIT0012],[@CIT0021]

Measurement of the body weight and blood glucose {#S0002-S2003}
------------------------------------------------

Rat body weight and blood glucose value were measured every 2 weeks. The rats were fasted overnight (14--17 hrs) before the blood glucose was measured. The blood was collected from the tail vein of the rats on the next day, and the level of blood glucose was measured with blood glucose test paper (Glucometer, Blood sugar paper, Johnson, USA).

Measurement of the lipid peroxidation level, antioxidant enzyme activity, N terminal pro B type natriuretic peptide {#S0002-S2004}
-------------------------------------------------------------------------------------------------------------------

The hearts were homogenized in phosphate buffer. The level of malonaldehyde (MDA) in the left ventricle was measured as the index of lipid peroxidation with an MDA detection kit (Jiancheng Bioengineering Institute, Nanjing, People\'s Republic of China). Superoxide dismutase (SOD) activity to represent the ability of trapping oxygen radicals was determined with a SOD detection kit (Jiancheng Bioengineering Institute). N-terminal pro-B-type natriuretic peptide (NT-pro-BNP) level in response to pressure overload were determined using a detection kit (Xitang Bioengineering Institute, Shanghai, China)

Determination of heart/body weight (HW/BW) ratio and myocyte sectional area (MSA) {#S0002-S2005}
---------------------------------------------------------------------------------

At the end of the experiment, the rat heart was rapidly removed and cleaned in the ice saline. After drying, the heart/body weight (HW/BW) index was calculated as heart weight divided by body weight (mg/g tissue). The left ventricle was then divided into two parts: one part was frozen immediately in the liquid nitrogen and the other part was paraffin-embedded. The MSA of cardiomyocytes was measured after conventional HE staining. Six areas in a high-powered field were randomly selected from each tissue section with a digital camera through 20X objective lens under light microscopy. Thirty cardiomyocytes as having a visible nucleus and intact cellular membrane were selected for the measurement and analysis using image analysis software (Image J; NIH, Rockville, MD, USA).

Expression of AT1R, AT2R, TGF-β1, Smads, and collagens by Western blot assay {#S0002-S2006}
----------------------------------------------------------------------------

The protein contents of the AT1R and AT2R, TGF-β1, Smads, and collagens were determined by Western blot assay.[@CIT0012],[@CIT0021] In brief, the heart tissue samples from different groups were homogenized in a lysis buffer and the protein concentration was measured by the BCA Protein Assay reagent kit (Boster Biotech, Wuhan, People's Republic of China). The protein was then boiled and loaded onto SDS-PAGE to perform a electrophoresis. The protein was then transferred from the gel to the nitrocellulose membrane. Membranes were subsequently exposed to one of the following antibodies: the rabbit anti-AT1 and AT2 receptor polyclonal antibodies (Santa Cruz Biotechnology Inc., Dallas, TX, USA), a mouse anti-TGF-β1 monoclonal antibody (Abcam, Inc. MA, USA), the rabbit anti-p-Smad2, p-Smad3, anti-Smad2, Smad3, Smad4 and Smad7 monoclonal antibodies (Cell Signaling Technology, MA, USA), the mouse anti-collagen type I and III monoclonal antibodies (Abcam). Appropriate secondary antibodies were used, and the antibody-antigen complexes in all membranes were detected by the ECL PLUS kit (Boster Biotech). Subsequently, the protein bands exposed by the UVP gel imaging system (UVP, MA, USA) were analyzed by gray value using image J software, and the protein gray value of β-actin was used as an internal parameter for protein loading control.

Immunohistochemical staining for ACE2, macrophages, myofibroblasts, and TGF-β1 {#S0002-S2007}
------------------------------------------------------------------------------

The heart samples were cut into 4 μm thickness and immunohistochemical staining was performed to identify the expression of the ACE2, macrophages, myofibroblasts, and TGF-β1 in the myocardium as we reported previously.[@CIT0012],[@CIT0021] In brief, the tissue sections were deparaffinized in xylene, dehydrated in graded ethanol and stained using a rabbit polyclonal antibody against ACE2 (Abcam), a rabbit monoclonal antibody against macrophages (CD68; EMD Millipore, Billerica, MA, USA), a monoclonal antibody against alpha-smooth muscle actin (α-SMA, Abcam), and a mouse anti-TGF-β1 monoclonal antibody (Abcam), respectively. Bound antibodies were detected by horseradish peroxidase-conjugated corresponding IgG, and diaminobenzidine tetrahydrochloride was used to observe the presence and location of ACE2, macrophages, myofibroblasts, and TGF-β1. Five sections from the different animals in each group were selected for an image acquisition using Aperio Digital pathological scanning system (Vista, CA, USA). The mean optical density (MOD) in the expression of ACE2, TGF-β1, and the number of macrophages and myofibroblasts per high-powered field were determined using cytoplasmic v2 software (Vista).

Detection of tissue fibrosis by Masson's trichrome staining {#S0002-S2008}
-----------------------------------------------------------

Masson's trichrome staining was used to evaluate the interstitial collagen deposition in the myocardium and quantitatively analyzed by morphometry as previously reported.[@CIT0012],[@CIT0021] In brief, the tissue samples were sectioned to a thickness of 6 μm using a Microtome (Leica RM2135, Meyer Instruments, TX, USA). Six randomly selected high-powered fields per section were selected to determine the areas of positively stained collagen (ImageJ, NIH, MA, USA). The staining pattern by Masson's trichrome turns collagen blue, nuclei black, and viable muscle fiber as red.

Evaluation of global cardiac function by echocardiography and hemodynamic analysis {#S0002-S2009}
----------------------------------------------------------------------------------

At the end of the observation period, the rats were anesthetized with inhaled 1.5% isoflurane, and transthoracic echocardiography was performed using a 15s MHz linear transducer. Percent fraction shortening, ejection fraction (EF), and left ventricular internal dimension (LVIDd) were calculated using a two-dimensional guided M-mode ultrasound system (Vivid 7, GE Healthcare, Waukesha, WI, USA).[@CIT0013] Over three consecutive cardiac cycles were averaged for measurements. For hemodynamic analysis, both the carotid arteries were cannulated with a polyethylene catheter connected to a Statham transducer to measure the mean carotid pressure via a BL-410 biological signal acquisition and processing system (Techman Software Co., Ltd., Chengdu, China). The polyethylene catheter within the right carotid artery was then inserted into the left ventricle to determine the cardiac performance, including heart rate, left ventricular systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), and maximum positive (+dp/dt~max~)/negative (-dp/dt~max~) values of the first derivative of left ventricular pressure.[@CIT0013]

Statistical analysis {#S0002-S2010}
--------------------

All data were showed as the mean±standard error using Prism v 7.01 analysis system (GraphPad Software Inc, La Jolla,CA, USA). A one-way ANOVA followed by Student--Newman--Keul's post hoc test was used to analyze group differences in the band intensity of AT1R, AT2R, TGF-β1, Smads, the MOD in the expression of ACE2, TGF-β1, collagens, the number of macrophages and myofibroblasts accumulated in the myocardium. The value of *p*\<0.05 was accepted as a statistical significance.

Results {#S0003}
=======

Effects of liraglutide and telmisartan on blood sugar, oxidative stress, antioxidant enzyme, cardiac hypertrophy, and HW/BW ratio after AAC {#S0003-S2001}
-------------------------------------------------------------------------------------------------------------------------------------------

The body weight and blood sugar were monitored every 2 weeks starting from the second week of the observation. As shown in [Figure 1A](#F0001){ref-type="fig"}, no statistically significant difference in these two parameters was found between the Sham and AAC groups. Treatment with liraglutide and telmisartan also did not alter the body weight and blood sugar during the course of the experiment. Figure 1Effects of liraglutide and telmisartan on body weight, blood sugar, MDA, SOD, NT-pro-BNP, and cardiac hypertrophy after abdominal aortic constriction (AAC). (**A**) body weight and blood glucose were measured among different groups. (**B** and **C**) Levels of MDA, SOD, and NT-pro-BNP activity in myocardial tissue were determined using Elisa kits. (**D**) MSA in series was measured morphometrically at a HPF (original magnification: 200; scale bars: 100 μm). (**E**) Heart/body weight ratio (HW/BW, mg/g) was calculated by weight. Values are mean±SEM (n=6/group). \**p*\<0.05 AAC vs Sham; ^\#^*p*\<0.05 liraglutide (Lira) or telmisartan (Telmi) vs AAC.**Abbreviations:** MDA, malonaldehyde; SOD, superoxide dismutase; NT-pro-BNP, N-terminal pro-B-type natriuretic peptide; MSA, myocyte sectional area.

The content of MDA and the activity of SOD in the heart were used to estimate the levels of lipid peroxidation and tissue antioxidant ability. As shown in [Figure 1B](#F0001){ref-type="fig"}, AAC significantly increased MDA (23.4±1.3 vs 16.3±0.6 nmol/mg, *p*\<0.05) and reduced SOD (8.1±0.8 vs 10.4±0.4 U/mg, *p*\<0.05) compared with the Sham group, suggesting that chronic pressure overload increases cardiac oxidative status. Relative to the AAC group, administration of liraglutide or telmisartan reduced MDA level to 15.9±1.6 and 17.2±1.4 nmol/mg (all *p*\<0.05 vs AAC group), respectively, and increased SOD enzyme activity by 11.9±1.2 and 11.6±1.1 U/mg, all *p*\<0.05 vs AAC group, respectively, implying improved antioxidant ability of the heart.

The measurement of NT-pro-BNP levels were used to estimate the degree of heart failure and the calculation of MSA and HW/BW ratio was selected to evaluate cardiac hypertrophy. As shown in [Figure 1C](#F0001){ref-type="fig"}, AAC significantly increased NT-pro-BNP level at 16 weeks of observation relative to the Sham animals, which were reduced by liraglutide (14.8±1.3 pg/mL) and telmisartan (10.3±0.8 pg/mL) compared with AAC group (48.4±8.6 pg/mL), respectively, all *p*\<0.05. Consistent with this change, the MSA in the AAC group increased significantly relative to the Sham group (1512±99 vs 586±98 µm^2^, *p*\<0.05). Treatment with liraglutide or telmisartan comparatively reduced the MSA to 766±61 µm^2^ or 871±51 µm^2^ (all *p*\<0.05 vs AAC group, [Figure 1D](#F0001){ref-type="fig"}). The inhibitory effect of liraglutide or telmisartan on cardiac hypertrophy was further confirmed by the HW/BW ratio ([Figure 1E](#F0001){ref-type="fig"}). Relative to the Sham group, AAC group significantly increased the HW/BW ratio relative to the Sham group (3.38±0.17 vs 2.46±0.05, *p*\<0.05), which was significantly reduced by liraglutide or telmisartan (2.63±0.09 and 2.77±0.05 vs AAC group, all *p*\<0.05).

Effects of liraglutide and telmisartan on expression of AT1R, AT2R, AT1R/AT2R ratio, and ACE2 after AAC {#S0003-S2002}
-------------------------------------------------------------------------------------------------------

The expression of Ang II receptors was detected using Western blot assay. At the end of 16 weeks of AAC, relative to the Sham control, the protein level of the AT1R was significantly increased by 10.55±2.5% ([Figure 2A](#F0002){ref-type="fig"}), and the protein expression of the AT2R was decreased by 36.43±5.6% ([Figure 2B](#F0002){ref-type="fig"}), all *p*\<0.05, whereas the expression patterns of AT1R and AT2R in the liraglutide and the telmisartan groups were reversed, as evidenced by a reduced AT1R/AT2R ratio ([Figure 2C](#F0002){ref-type="fig"}). Immunohistochemical staining showed that the expression of ACE2 in the perivascular and interstitial myocardium is significantly attenuated in the AAC group relative to the Sham group ([Figure 2D](#F0002){ref-type="fig"}). Relative to the AAC group, administration of liraglutide or telmisartan preserved the expression of ACE2 at week 16. Figure 2Effects of liraglutide and telmisartan on the expression of AT1R, AT2R, AT1R/AT2R ratio, and ACE2 after AAC. (**A** and **B**) Protein levels of AT1R and AT2R were detected by Western blot assay. (**C**) AT1R/AT2R ratio was calculated from the intensity of each individual bands. (**D**) ACE2 expression in the intermyocardium and intracardiac vessels was determined using immunohistochemical staining and calculated as mean optical density (MOD) in the tissue section (magnification: 200; scale bars: 100 μm). Values are mean±SEM (n=6/group). \**p*\<0.05 AAC vs Sham; ^\#^*p*\<0.05 Lira or Telmi vs AAC.**Abbreviation:** AAC, abdominal aortic constriction.

Effects of liraglutide and telmisartan on the macrophage infiltration and TGF-β1 expression {#S0003-S2003}
-------------------------------------------------------------------------------------------

The detection in the accumulation of CD68 positive cells in the myocardium by immunohistochemistry was represented as an indicator of macrophage infiltration. The results showed that in the AAC group, the large number of macrophages is recruited in the peri-vascular region and interstitial myocardium at week 16 ([Figure 3A](#F0003){ref-type="fig"}), which was attenuated by treatment with liraglutide or telmisartan. Consistent with enhanced macrophage infiltration in the AAC group, the expression of TGF-β1 in the myocardium was also significantly increased ([Figure 3B](#F0003){ref-type="fig"}). The measurement of protein level of TGF-β1 by Western blot assay further confirmed the change in the TGF-β1 expression ([Figure 3C](#F0003){ref-type="fig"}). Administration of liraglutide or telmisartan during AAC comparatively reduced the infiltration of macrophages and expression of TGF-β1 at week 16 compared with the AAC group ([Figure 3](#F0003){ref-type="fig"}). Figure 3Effects of liraglutide and telmisartan on the accumulation of macrophages and the expression TGF-β1. (**A**) The numbers of macrophages were determined by positively stained cells (arrows) using immunohistochemistry. (**B**) TGF-β1 expression in the intermyocardium was determined using immunohistochemistry and calculated as MOD in the tissue section (magnification: 200; scale bars: 100 μm). (**C**) Protein level of TGF-β1 was detected by Western blot assay. Values are mean±SEM (n=6/group). \**p*\<0.05 AAC vs Sham; ^\#^*p*\<0.05 Lira or Telmi vs AAC.**Abbreviations:** AAC, abdominal aortic constriction; MOD, mean optical density.

Effects of liraglutide and telmisartan on the myofibroblast proliferation and Smad expression {#S0003-S2004}
---------------------------------------------------------------------------------------------

The detection in the number of α-SMA positive cells in the myocardium was indicated as a parameter to reflect the fibroblast proliferation. As shown in [Figure 4A](#F0004){ref-type="fig"}, relative to the Sham control, the abundant α-SMA positive myofibroblasts were identified by immunohistochemical staining following 16 weeks of AAC, predominantly located in the outside of the blood vessels in the myocardium. However, the appearance of α-SMA positive myofibroblasts at week 16 was inhibited by administration of liraglutide or telmisartan compared with the AAC group. Figure 4Effects of liraglutide and telmisartan on the proliferation of myofibroblasts and the expression of Smads. (**A**) The numbers of myofibroblasts were determined by α-SMA positive cells (arrows) using immunohistochemistry. (**B**) Phosphorylated and total protein levels of Smad2 and Smad3 were detected by Western blot assay. (**C** and **D**) Protein levels of Smad4 and Smad7 were detected by Western blot assay. Values are mean±SEM (n=6/group). \**p*\<0.05 AAC vs Sham; ^\#^*p*\<0.05 Lira or Telmi vs AAC.**Abbreviation:** AAC, abdominal aortic constriction.

The disruption in the protein expression of Smad family members following TGF-β1 signaling is associated with myofibroblast activation and collagen deposition. Smad2 and Smad3 were barely phosphorylated in the Sham control. However, at 16 weeks of AAC as analyzed by Western blot assay, the phosphorylation of Smad2/3 was markedly enhanced, consistent with increased total protein levels of Smad2/3 ([Figure 4B](#F0004){ref-type="fig"}). Furthermore, the total protein level of Smad4 was significantly upregulated ([Figure 4C](#F0004){ref-type="fig"}), and total protein expression of Smad7 was downregulated ([Figure 4D](#F0004){ref-type="fig"}) relative to the Sham group. However, all these changes in the protein expression of Smad family members induced by AAC were significantly reversed by administration of liraglutide or telmisartan ([Figure 4B](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}).

Effects of liraglutide and telmisartan on collagen synthesis and tissue fibrosis after AAC {#S0003-S2005}
------------------------------------------------------------------------------------------

Phosphorylation of Smads is responsible for induction of collagens. Along with enhanced phosphorylation of Smad2/3, the protein levels of collagens I and III examined by Western blot assay were significantly increased at 16 weeks of AAC compared with the Sham control ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). Administration of liraglutide or telmisartan was equally effective in reducing the production of collagen I and III after the rats were treated with these drugs. Collagen deposition was evaluated using Masson's trichrome staining. Consistent with upregulated expression of collagens I and III at 16 weeks of AAC, the region of deposited collagens as defined by percent collagen-rich areas was significantly expanded in the perivascular and interstitial myocardium. No newly synthesized collagens were detected in the Sham control throughout the experiment. The hearts treated with liraglutide or telmisartan showed a significant reduction in collagen deposition in both perivascular region and intermyocardium as defined by reduced collagen-rich area ([Figure 5C](#F0005){ref-type="fig"}). Figure 5Effects of liraglutide and telmisartan on the synthesis of collagens and tissue fibrosis after AAC. (**A** and **B)** Protein levels of collagens I and III were analyzed by Western blot assay. All bands were normalized by actin as illustrated in the bar graphs. (**C**) Interstitial and perivascular fibrosis in the myocardium was identified as collagen deposition shown as positive areas of blue staining using Masson's trichrome method. All images were viewed under magnification 200 (scale bars: 100 μm). Values are mean±SEM (n=6/group). \**p*\<0.05 AAC vs Sham; ^\#^*p*\<0.05 Lira or Telmi vs AAC.**Abbreviation:** AAC, abdominal aortic constriction.

Effects of liraglutide and telmisartan on cardiac performance after AAC {#S0003-S2006}
-----------------------------------------------------------------------

Two-dimensional ultrasound system was used to detect the cardiac function after AAC and interventions. As shown in [Figure 6A](#F0006){ref-type="fig"}, AAC caused a significant increase in the LVIDd relative to the Sham group at 16 weeks of the experiment ([Figure 6B](#F0006){ref-type="fig"}), suggesting left ventricular enlargement (dilation and hypertrophy), consistent with increased cardiomyocyte hypertrophy ([Figure 1C](#F0001){ref-type="fig"}). Furthermore, cardiac systolic function as assessed by LVEF ([Figure 6C](#F0006){ref-type="fig"}) and LVFS ([Figure 6D](#F0006){ref-type="fig"}) was reduced by AAC relative to the Sham group. Treatment with liraglutide or telmisartan enhanced cardiac performance compared with results in AAC group ([Figure 6](#F0006){ref-type="fig"}). To confirm the echocardiography results, cardiac function was further analyzed by a BL-410 biological signal acquisition and processing system. At week 16, AAC significantly increased MAP, HR and LVEDP ([Figure 7A](#F0007){ref-type="fig"}), and reduced LVSP ([Figure 7B](#F0007){ref-type="fig"}) relative to the Sham control. Furthermore, the maximal rate in increase of LV pressure (+dp/dt~max~) and decrease of LV pressure (−dp/dt~max~) were significantly reduced ([Figure 7B](#F0007){ref-type="fig"}). Treatment with liraglutide and telmisartan for 16 weeks effectively prevented the progression of cardiac dysfunction ([Figure 7](#F0007){ref-type="fig"}), consistent with the inhibition of cardiac hypertrophy and fibrosis. Figure 6Effects of liraglutide and telmisartan on cardiac performance after AAC. (**A**) Cardiac global function was quantitatively assessed from two-dimensional echocardiographic short axis images among the different groups. (**B**) Left ventricular internal diameter end diastole (LVIDd) was measured at end-diastole. (**C** and **D**) Cardiac systolic function was determined by measuring ejection fraction (EF) and fraction shortening (FS). Values are mean±SEM (n=6/group). \**p*\<0.05 AAC vs Sham; ^\#^*p*\<0.05 Lira or Telmi vs AAC.**Abbreviation:** AAC, abdominal aortic constriction. Figure 7Effects of liraglutide and telmisartan on cardiac hemodynamics after AAC. (**A**) Representative tracing of the invasive cardiac hemodynamics recording among the different groups. MAP, HR, and left ventricular end-diastolic pressure (LVEDP) were obtained using a pressure transducer inserted into the left ventricle through the right carotid artery. (**B**) Left ventricular systolic pressure (LVSP) and ±dp/dt~max~ values of the first derivative of left ventricular pressure were obtained using a pressure transducer inserted into the left ventricle. Values are mean±SEM (n=6/group). \**p*\<0.05 AAC vs Sham; ^\#^*p*\<0.05 Lira or Telmi vs AAC.**Abbreviations:** AAC, abdominal aortic constriction; HR, heart rate.

Discussion {#S0004}
==========

We have previously demonstrated that Ang II acts via its AT1R to increase blood pressure and cardiac fibrosis.[@CIT0012],[@CIT0013] In the present study, we evaluated the effect of exogenous administration of liraglutide on AAC-induced cardiac fibrosis and dysfunction, primarily focusing on the modulation on Ang II AT1R-mediated signaling. We found that treatment with liraglutide rebalances the pro- and anti-oxidative stress, including MDA, SOD, and NT-pro-BNP. Following the downregulation in AT1R expression and upregulation in the AT2R/ACE2 expression, the migration of macrophages and proliferation of myofibroblasts were inhibited, and TGF-β1/Smads-mediated collagen deposition was attenuated. In association with an inhibition of myocardial hypertrophy and HW/BW ratio, cardiac performance was improved, suggesting that stimulation in GLP-1 receptor is effective to reduce Ang II-mediated deleterious effects on the heart. Comparative protection with telmisartan confirmed that the cardioprotection by liraglutide is achieved through blocking the AT1R.[@CIT0012]

Published data have suggested that the balance in the protein expression between AT1R and AT2R plays a fundamental role in the development of cardiac fibrosis and progression of cardiac dysfunction.[@CIT0022]--[@CIT0025] Pharmacological blockade of the AT1R is associated with the improvement of cardiac function and the attenuation of hypertension.[@CIT0026],[@CIT0027] Based on the results shown in [Figure 2](#F0002){ref-type="fig"}, we found that there is a reciprocal relationship in the protein expression between the AT1R and the AT2R after AAC. Stimulation of the AT1R signaling perturbs the AT2R expression. We have previously shown that blockade of the AT1R after Ang II infusion is accompanied with an upregulation of the AT2R, suggesting that the AT1R interacts with the AT2R.[@CIT0012],[@CIT0013] The data presented in the present study further confirmed this reciprocal expression relationship between the AT1R and AT2R. Furthermore, activation of Ang II AT1R by AAC resulted in excessive production of reactive oxygen species, manifested by a significant elevation of MDA content and reduction of SOD activity. Comparative modulation in MDA and SOD between liraglutide and telmisartan suggested that inhibition of oxidant production with liraglutide is potentially achieved by blocking the AT1R. Followed by the AT2R internalization along with AT1R antagonism by liraglutide, macrophage migration, myofibroblast proliferation, and collagen deposition were inhibited. However, it is warranted to further check whether direct blockade with the AT2R-specific inhibitor or using an AT2R knockout model could interfere the pressure overload-induced cardiac remodeling and dysfunction.

ACE2 is an exopeptidase that catalyzes the conversion of Ang II to Ang (1--7). An increase in ACE2 activity is associated with a decrease in tissue level of Ang II.[@CIT0028]--[@CIT0030] In contrast, loss of ACE2 leads to an increase in blood pressure, progressive ventricular dilatation, and poor systolic performance, which all are accompanied with an elevation in Ang II level in the heart.[@CIT0031] It is known from the literature that at protein level, the expression of the AT1R and ACE can be modified by the AT1R blockade.[@CIT0032] In this regard, we have previously reported that Ang II infusion-induced upregulation in AT1 receptor and reduction in ACE2 expression can be blocked by liraglutide and telmisartan.[@CIT0012],[@CIT0021] In the present study, AAC caused significant reduction in the expression of ACE2 that is also blocked by the AT1R blocker, further confirming an involvement of the AT1R in interfering ACE2 expression. Being consistent with downregulation of the AT1R with liraglutide,[@CIT0012] ACE2 expression was enhanced, suggesting that this action may further enhance the inhibitory effects of the AT1R antagonism on AAC-induced cardiac remodeling and dysfunction. We speculate that an alteration in the balance of AT1R and ACE2 by liraglutide might protect the heart against Ang II mediated adverse effects through the beneficial modulation in response to Ang (1--7) generation. However, in future studies, it is interesting to further evaluate the efficacy of cardioprotection between liraglutide and agonist of ACE2--Ang-(1--7) axis.

Ventricular remodeling often occurs as a consequence of chronic pressure overload, resulting in progressive alterations in size, mass, and structure of the heart. The process is associated with poor prognosis due to ventricular dysfunction.[@CIT0033] Animal studies and clinical implications of cardiac remodeling have provided strong evidence showing that stimulation of Ang II, production of reactive oxygen species, release of inflammatory mediators, and deposition of collagen are mostly implicated in the development of cardiac remodeling.[@CIT0034] In the present study, cardiac remodeling is chartered by cardiac myocyte hypertrophy and tissue fibrosis. At 16 weeks of AAC, cardiomyocyte cross-sectional analysis by HE staining revealed a significant increase in cardiomyocyte size and Masson's trichrome staining confirmed an abundant perivascular and interstitial collagen deposition. In the cellular level, AAC caused a significant increase in oxidative stress, migration of macrophages, and proliferation of myofibroblasts. In the protein level, expression of TGF-β1/Smads was upregulated and deposition of collagens was enhanced. However, these changes induced by AAC were significantly inhibited with 16 weeks of liraglutide treatment. Comparative protection between liraglutide and telmisartan confirmed the protection is mediated by modulating the AT1R. These results were consistent with our previous report showing that inhibition of TGFβ1 expression with an anti-oxidant compound suppresses fibroblast proliferation and interrupts phosphorylation of Smad2/3 to form a heterotrimeric complex with Smad4 whereas Smad7, an inhibitor of phosphorylation of Smad2/3, is upregulated.[@CIT0013]

Increased fibrosis of the ventricle can result in a failure to relax appropriately which impairs cardiac filling to lead to heart failure with reduced EF.[@CIT0035]--[@CIT0037] We selected 16 weeks of experimental period for abdominal aortic stenosis because it can reflect the natural progression of cardiac dysfunction. We may miss a time window to reflect compensatory response, ie, concentric hypertrophy with normal EF in the early stage of AAC, but did find a reduction in EF following 16 weeks of period of chronic hemodynamic overload. Data clearly showed a significant ventricular dilatation and systolic dysfunction at this time point, as evidenced by increased HW/BW ratio, LVID, and MSA in series, suggesting the development of the eccentric hypertrophy. At the same time, LVEDP was increased, and LVSP, dp/dt~max~, and EF were reduced, indicating that there is an increase in ventricular compliance and elevated filling pressure, often attributing to cardiac systolic dysfunction. Treatment with liraglutide for 16 weeks significantly reduced collagen deposition/fibrosis with less chamber dilatation and enhanced cardiac systolic function, suggesting that mechanisms of action underlying liraglutide protection under a condition of chronic pressure-overload are associated with an inhibition of tissue fibrosis.[@CIT0038]--[@CIT0040] Although we cannot conclude whether liraglutide has a direct inotropic effect on the heart, the comparative inhibition in lipid peroxidation, hypertrophy, and fibrosis demonstrated between liraglutide and telmisartan in the present study suggest that these beneficial effects are primarily mediated by blockade of the AT1R.

Conclusion {#S0005}
==========

In summary, we demonstrate that liraglutide protects the heart against the pressure overload with AAC induced cardiac injury in rat. The signaling pathways underlying inhibition of myocardial fibrosis and prevention of cardiac systolic dysfunction is primarily mediated by a downregulation of Ang II AT1R. Blockade of the AT1R with liraglutide, and also by application of telmisartan come along with upregulation of the AT2R and ACE2 as well as inhibition of the downstream fibrotic mediators (ie, TGFβ1 and Smad2/3). In line with these findings, cardiac hypertrophy and fibrosis were attenuated. Since cardiac fibrosis has been confirmed to be the final pathway leading to ventricular dysfunction and heart failure, liraglutide in addition to its effect on the blood glucose control might be considered as a second-line add-on therapy to protect the heart against fibrosis-induced heart failure in patients.

This study was supported in part by grants from the Mercer University School of Medicine, the Medcen Community Health Foundation, Georgia, and the National Natural Science Foundation of China (81470436).

Disclosure {#S0006}
==========

The authors report no conflicts of interest in this work.
